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Cold Thoughts on Perovskite Fever
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2Solar Cell Efficiency Growth Pattern
https://www.energy.gov/eere/solar/downloads/research-cell-efficiency-records
3Energy Environ. Sci., 2016, 9, 3007-3035 and recent updates
A Storm of Research Fever on Hybrid Perovskite Solar Cells
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4A perovskite structure is any material 
with the same type of crystal structure as 
calcium titanium oxide (CaTiO3), known as 
the perovskite structure, or A2+B4+X2−3 with 
the oxygen in the face centers.[2]
Perovskites take their name from the 
mineral, which was first discovered in the 
Ural mountains of Russia by Gustav Rose 
in 1839 and is named after Russian 
mineralogist L. A. Perovski (1792–1856).
What is “Perovskite”
CaTiO3
Crystal Structure of “Perovskite”
Crystal structure of cubic perovskite of 
general formula ABX3
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B
X
6Topsöe, H. Krystallographisch-chemische untersuchungen homologer 
verbindungen. Zeitschrift für Kristallographie 1884, 8, 246–296. 
“Hybrid”: Inorganic Cation (A ) Replaced by 
an Organic Cation
7Conducting tin halides with a layered organic-based perovskite structure, Nature, 1994, 369 467-469
David B. Mitzi
History of Organic-Inorganic 
Hybrid “Perovskite” Materials
Bayrammurad Saparov and David B. Mitzi , Organic–Inorganic 
Perovskites: Structural Versatility for Functional Materials Design 
Chem. Rev., 2016, 116, 4558–4596
8What is the “Perovskite” in Perovskite Solar Cells?
PbI2 + CH3NH3I CH3NH3PbI3
[CH3NH3]
+
MA+
CH3NH3PbI3, or MAPbI3
Perovskite CH3NH3PbI3 as A Dye Sensitizer in 
Dye-sensitized Solar Cells
Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal halide perovskites as visible-light sensitizers for photovoltaic cells. J Am 
Chem Soc 2009, 131, 6050-6051.
Spectral sensitivity of up to 800 nm 
Solar energy conversion efficiency: 3.8%. 
9
Solid-State Hybrid Perovskite CH3NH3PbI3
Efficient Hybrid Solar Cells Based on Meso-Superstructured Organometal Halide Perovskites Michael M. Lee,  Joël Teuscher,  
Tsutomu Miyasaka,  Takurou N. Murakami, Henry J. Snaith, Science, 2012, 338, 643-647 
Efficiency=10.8%
10
Henry Snaith at 
Oxford University
11
Solution-Processed Perovskite Solar Cells
PbI2 + CH3NH3I CH3NH3PbI3
Solvent: gamma-Butyrolactone, N-Methyl-2-pyrrolidone 
(NMP), DMSO, DMF)
12
Organic-Inorganic  Hybrid Perovskite
Snaith did his postdoctoral research with 
Grätzel, and says that they are still very friendly 
“but there’s certainly competition there”.
http://www.nature.com/polopoly_fs/1.14367!/menu/main
/topColumns/topLeftColumn/pdf/504357a.pdf
Who is the Shakespeare 
for perovskite solar cells?
Renaissance of 
Rapid Growth of Efficiency Though Better Film Engineering
Science 2014, 345, 542-546 13
h+
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Cold Thought #1--Why gold?
Brief Energy Level Diagram for 
Best Perovskite Solar Cells 
e-
MAPbI3
CBM=conduction band minimal
VBM=Valence band maximal 14
CBM
VBM
Power=current x voltage
Work Function
CRC Handbook of Chemistry and Physics 88th Ed. 112-14 15
Perovskite Solar Cells
Nickel price=$0.42/oz
Price of nickel is <0.03% of gold
Jiang, Q.; Xia, S.; Shi, B.; Feng, X.; Xu, T. Nickel-Cathoded Perovskite Solar Cells, 
J. Phys. Chem. C., 2014, 118, 25878-25883. 
Au
-5.1
Gold price= $1500/oz, it takes 7.8 T gold/1GW PSCs, assuming 20% energy 
conversion efficiency and 80 nm thick gold electrode. There are 100 GW solar 
panels installed/year, demanding 780T gold/year
Nickel-Cathoded
16Patent pending
Nickel-Cathoded Perovskite Solar Cells
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Jiang, Q.; Xia, S.; Shi, B.; Feng, X.; Xu, T. Nickel-Cathoded
Perovskite Solar Cells, J. Phys. Chem. C., 2014, 118, 25878
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Voltage(V)
 Au 80nm
 Au 80nm dark
 Ni 300nm
 Ni 300nm dark
Au Ni
Jsc(mA·cm-2) 21.7 20.6
Voc(V) 0.79 0.83
FF 0.68 0.61
η(%) 11.6 10.4
17
Cold Thought #2----Instability due to Moisture
1. Moisture is the biggest killer to the hybrid perovskite structure
Where is the source of the problem?
+
-
18
https://www.youtube.com/watch?v=tzKwg1k2xKw
Br- or Cl-doped Perovskites Affect Absorption
MAPbI3 MAPbBr3
MAPbCl3
F=kQ1Q2/r
2
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Pseudohalide-Induced Moisture-Tolerance 
in Perovskite (CH3NH3)2Pb(SCN)2I2 Thin Films
Jiang, Q.; , Rebollar,D.; Gong, J.; Piacentino, E. L.; Zheng, C.; Xu, T. Angew. Chem. Int. Ed. 2015, 54, 
7617-7620 Highlighted by editor as VIP paper.
(CH3NH3)2 2 2 
Pb(SCN)2 + CH3NH3I (CH3NH3)2Pb(SCN)2I2
Solvent: DMF
The pseudohalides: polyatomic analogues of halides
20
J-V Study of (CH3NH3)2Pb(SCN)2I2
in Comparison to CH3NH3PbI3
(CH3NH3)2Pb(SCN)2I2 
(CH3NH3)2Pb(SCN)2I2 
(CH3NH3)2Pb(SCN)2I2 
(CH3NH3)2Pb(SCN)2I2 
21
Jiang, Q.; , Rebollar,D.; Gong, J.; Piacentino, E. L.; Zheng, C.; Xu, T. Angew. Chem. Int. Ed. 2015, 54, 
7617-7620 Highlighted by editor as VIP paper.
Pseudohalide-Induced Moisture-Tolerance 
in Perovskite (CH3NH3)2Pb(SCN)2I2 Thin Films
Daub, M.; Hillebrecht, H., “Synthesis, Single-Crystal Structure and Characterization of 
(CH3NH3)2Pb(SCN)2I2”, Angew. Chem. Int. Ed. 2015, 54, 11016-11017. 
Ruddleson–Popper
Phase of K2NiF4
22
Possible Mechanism of Water Tolerance in 
(CH3NH3)2Pb(SCN)2I2
23
N
Hδ+
Se2-
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Divalent Anionic Doping in Perovskite Solar Cells
for Enhanced Chemical Stability
24
Gong, J.; Yang, M.; Rebollar, D.; Rucinski, J.; Liveris Z.; Zhu, K.; Xu, T. Adv. Mater. 2018, 30, 1800973
Gong, J.; Yang, M.; Rebollar, D.; Rucinski, J.; Liveris Z.; Zhu, K.; Xu, T. Adv. Mater. 2018, 30, 1800973
Divalent Anionic Doping in Perovskite Solar Cells
for Enhanced Chemical Stability
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Divalent Anionic Doping in Perovskite Solar Cells
for Enhanced Chemical Stability
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Gong, J.; Yang, M.; Rebollar, D.; Rucinski, J.; Liveris Z.; Zhu, K.; Xu, T. Adv. Mater. 2018, 30, 1800973
Without any packing
27
A recent work by Jingson Huang’s group: cap layer dopants
Science  2019, 365, 473-478
Divalent Anionic Doping in Perovskite Solar Cells
for Enhanced Chemical Stability
MAPbI3 after two weeks(e) 10% w/w PbSe:MAPbI3 (f)
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3 Adv. Mater. Interfaces 2015, 2, 1500195
28
Gong, J.; Yang, M.; Rebollar, D.; Rucinski, J.; Liveris Z.; Zhu, K.; Xu, T. Adv. Mater. 2018, 30, 1800973
Cold Thought #3---Fundamental Understanding
Pb: 5d106s26p2 ;       I: 4d105S25P5
1. Why long carrier lifetime that leads to long diffusion length (2~8 µm) for both e- and h+
2. What is the role of MA cations
3. Why low recombination
What can we learn from MAPbI3 to impact other fields?
Valence Band
I: 5P (major)  
Pb: 6S (minor)
Conduction band
Pb: 6P 
Science 2015, 347, 522.
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Pb2+ I-
I-
I-
I-
I-
I- N
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δ+
δ+
δ+
e- wave
CH3NH3PbI3
CD3NH3PbI3CH3ND3PbI3 CD3ND3PbI3
Electron-Rotor Interaction
J. Phys. Chem. Lett. 2015, 6, 3663-3669
On the Importance of Electron-Lattice Interaction
Single Crystals of 
CH3NH3PbI3, CH3ND3PbI3, CD3NH3PbI3, CD3ND3PbI3
Gong, J.; Yang, M.; Ma, X.; Schaller, R. D.; Liu, G.; Kong, L.; Yang, Y.; Beard, M. C.; Lesslie, M.; Dai, Y.; 
Huang, B.; Zhu, K.; Xu, T. J. Phys. Chem. Lett. 2016, 7, 2879–2887
31
CH3NH3I
CH3ND3I
CD3NH3I
CD3ND3I
D6-DMSO
Structure Verification of Deuterated Methylammonium
Gong, J.; Yang, M.; Ma, X.; Schaller, R. D.; Liu, 
G.; Kong, L.; Yang, Y.; Beard, M. C.; Lesslie, M.; 
Dai, Y.; Huang, B.; Zhu, K.; Xu, T. J. Phys. 
Chem. Lett. 2016, 7, 2879–2887
32
Synchrotron High-Resolution XRD of 
CH3NH3PbI3, CH3ND3PbI3, CD3NH3PbI3, CD3ND3PbI3
Gong, J.; Yang, M.; Ma, X.; Schaller, R. D.; Liu, G.; Kong, L.; Yang, Y.; Beard, M. C.; Lesslie, M.; Dai, Y.; 
Huang, B.; Zhu, K.; Xu, T. J. Phys. Chem. Lett. 2016, 7, 2879–2887
33
Time-resolved photoluminescence of single crystals of 
CH3NH3PbI3, CH3ND3PbI3, CD3NH3PbI3, CD3ND3PbI3
τ (CH3NH3PbI3)>τ (CH3ND3PbI3)≈ τ (CD3NH3PbI3)> τ (CD3ND3PbI3)  
ν (CH3NH3PbI3)> ν (CH3ND3PbI3) ≈ ν (CD3NH3PbI3)> ν(CD3ND3PbI3)  
Gong, J.; Yang, M.; Ma, X.; Schaller, R. D.; Liu, G.; Kong, L.; Yang, Y.; Beard, M. C.; Lesslie, M.; Dai, Y.; 
Huang, B.; Zhu, K.; Xu, T. J. Phys. Chem. Lett. 2016, 7, 2879–2887
ν(CH3NH3
+) : ν(CH3ND3
+) : ν(CD3NH3
+) : ν(CD3ND3
+) ≈ 1 : 0.85 : 0.85 : 0.76 
34
DFT Study of Polaron Trapping Energy
DOS near the conduction band edgeDOS near the valence band edge
Table 2 | Polaron trapping energy [meV] for electron
and hole with different C-N pointing directions
Crystallogra
phic planes
Electron 
(meV)
Hole (meV)
100 117 7
110 225 71
111 151 20
Rotor density 1022/cm3 solar flux: ~1010 photons/10 psPhoto flux: density 1016/cm3/pulse
Gong, J.; Yang, M.; Ma, X.; Schaller, R. D.; Liu, G.; Kong, L.; Yang, Y.; Beard, M. C.; Lesslie, M.; Dai, Y.; 
Huang, B.; Zhu, K.; Xu, T. J. Phys. Chem. Lett. 2016, 7, 2879–2887 35
Polaronic Charge Transport in MAPbI3 Perovksites
Discovered by Hall Effect
Nature Commun. 2016, 7, 12253, V. Podzorov and X-Y Zhu groups
36
Cold Thought #3----Fundamental Understanding
perovskites under pressure 
37
38Kong, L.; Liu, G.; Gong, J.; Hu, Q.; Schaller, R. D.; Dera, P.; Zhang, D.; Liu, Z.; Yang, W.; Zhu, K.; Tang, Y.; Wang, C.; Wei, S.‐H.; 
Xu, T.; Mao, H.‐K. Proc. Natl. Acad. Sci. 2016, 113, 8910-8915 
I4/mcm phaseImm2
Cold Thought #3----Fundamental Understanding
MAPbI3 Perovskites under Pressure 
Kong, L.; Liu, G.; Gong, J.; Hu, Q.; Schaller, R. D.; Dera, P.; Zhang, D.; Liu, Z.; Yang, W.; Zhu, K.; Tang, Y.; Wang, C.; Wei, S.‐H.; 
Xu, T.; Mao, H.‐K. Proc. Natl. Acad. Sci. 2016, 113, 8910-8915 
39
1atm 0.4 GPa
MAPbI3 Perovskites under Pressure 
Narrowed band gap and 
drastically prolonged carrier 
lifetime before phase 
change, allowing the use of 
low work-function metals
Kong, L.; Liu, G.; Gong, J.; Hu, Q.; Schaller, R. D.; Dera, P.; Zhang, D.; Liu, Z.; Yang, W.; Zhu, K.; Tang, Y.; Wang, C.; Wei, S.‐H.; 
Xu, T.; Mao, H.‐K. Proc. Natl. Acad. Sci. 2016, 113, 8910-8915 
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FAPbI3 Perovskites under Pressure 
FA=formamidinium
P3m1 space group 
More robust structure under compression
Liu, G.; Kong, L.; Gong, J.; Yang, W.; Mao, H.-K.; Hu, Q.; Liu, Z.; Schaller, R. D.; Zhang, D.; Xu, T., Adv. Func. Mater. 2017, 27, 1604208
41
FAPbI3 Perovskites under Pressure 
Reaching optimized S-Q value in FAPbI3
42
Prolonged carrier lifetime
Liu, G.; Kong, L.; Gong, J.; Yang, W.; Mao, H.-K.; Hu, Q.; Liu, Z.; Schaller, R. D.; Zhang, D.; Xu, T., Adv. Func. Mater. 2017, 27, 1604208
FAPbI3 Perovskites under Pressure 
Ambient Retainability
43
Liu, G.; Kong, L.; Gong, J.; Yang, W.; Mao, H.-K.; Hu, Q.; Liu, Z.; Schaller, R. D.; Zhang, D.; Xu, T., Adv. Func. Mater. 2017, 27, 1604208
FAPbI3 Perovskites under Pressure 
44
http://www.advancedsciencenews.com/perovskites-under-pressure/
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Cold Thought #4----Application beyond PV
γ and X-ray detectors
for medical imaging
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extreme ultraviolet (EUV, 10~20 nm) lithography
?
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Cold Thought #4----Application beyond PV
47
FAPbCl3 shows strong UV absorption and 
LiCl doping helps crystallinity
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Gong, J….Xu, T. J. Mater. Chem. A, 2019, 7, 13043–13049 (highlighted as back cover page)
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Energy-distinguishable bipolar UV photoelectron injection  
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Gong, J….Xu, T. J. Mater. Chem. A, 2019, 7, 13043–13049 (highlighted as back cover page)
49Gong, J….Xu, T. J. Mater. Chem. A, 2019, 7, 13043–13049 (highlighted as back cover page)
Energy-distinguishable bipolar UV photoelectron injection  
50
More Thoughts ----Toxicity of Lead
• Lead content/unit area in PSCs is 100 time greater than government regulation
• PV is a technology requiring wide spreading area
• Most possible implementation of perovskite solar cells is building-integrated 
PV(BIPV) in populated urban area
Lessons learned and New Opportunities 
51
1.Efficiency is not the only topic in PSCs
2.Back metal electrode is a bottleneck; vacuum 
coating is not an ultimate choice
3.Chemical stability can be improved by ionic 
dopants and the location is important to balance 
the efficiency and stability
4.A lot fundamental science to be explored
5.Lead is still an issue before commercialization
6.Application beyond PV may be realized 
52
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